Abstract. Optical spectroscopy is sensitive to morphological composition and has potential applications in intraoperative margin assessment. Here, we evaluate ex vivo breast tissue and corresponding quantified hematoxylin & eosin images to correlate optical scattering signatures to tissue composition stratified by patient characteristics. Adipose sites (213) were characterized by their cell area and density. All other benign and malignant sites (181) were quantified using a grid method to determine composition. The relationships between mean reduced scattering coefficient (hμ 0 s i), and % adipose, % collagen, % glands, adipocyte cell area, and adipocyte density were investigated. These relationships were further stratified by age, menopausal status, body mass index (BMI), and breast density. We identified a positive correlation between hμ 0 s i and % collagen and a negative correlation between hμ 0 s i and age and BMI. Increased collagen corresponded to increased hμ 0 s i variability. In postmenopausal women, hμ 0 s i was similar regardless of fibroglandular content. Contributions from collagen and glands to hμ 0 s i were independent and equivalent in benign sites; glands showed a stronger positive correlation than collagen to hμ 0 s i in malignant sites. Our data suggest that scattering could differentiate highly scattering malignant from benign tissues in postmenopausal women. The relationship between scattering and tissue composition will support improved scattering models and technologies to enhance intraoperative optical margin assessment.
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Introduction
In breast conserving surgery (BCS), the surgeon attempts to excise the cancerous area along with a margin of benign tissue, while conserving as much normal breast volume as possible. Failure to achieve clear margins (as determined by pathology and institutional standards) requires additional surgery. A recent study found that the re-excision (or reoperation) rate varied from 0% to 70%, indicating that there is no reliable intraoperative standard for preventing re-excision. 1 Touch-prep cytology and frozen section analysis have been used to address this need intraoperatively. However, these techniques prolong surgery time (an additional 20 to 40 min), require a trained pathologist to be present, and have technical challenges associated with processing fatty breast tissues. Consequently, these methods are only used at a few medical centers. The current number of patients undergoing BCS is ∼270;000∕year in the United States, with an annual growth rate of 5.5%. 2 These statistics provide the motivation for devising innovative solutions to reduce re-excision rates in women undergoing BCS.
Our group has developed a fast and nondestructive quantitative spectral imaging device that measures optical signatures (450 to 600 nm) from which the morphological composition of tissue can be determined. [3] [4] [5] The sensing depth of the device ranges from 0.5 to 2.2 mm, 5 which satisfies the depth requirement for effective intraoperative margin detection at Duke University Medical Center and other hospitals. A fast, scalable inverse Monte Carlo model 6, 7 quantitatively determines the wavelength-dependent absorption coefficient (μ a ) and reduced scattering coefficient (μ 0 s ) from the magnitude and shape of the diffuse reflectance spectra. The concentrations of β-carotene (found in adipocytes) and total hemoglobin concentration (found in blood vessels) can be extracted from the absorption (μ a ) spectrum. The μ 0 s spectrum is averaged resulting in the mean reduced scattering coefficient (hμ 0 s i), reflective of the average composition of tissue scatterers. The hμ 0 s i has previously been shown to be negatively correlated with the amount of adipose tissue present 8 and positively correlated with glandular or fibrous content resulting from more cellular and collagenbased structures. 9 Using this technology, our group optically imaged 88 margins from 70 patients with a sensitivity of 74% and a specificity of 86%. [β-carotene]/hμ 0 s i showed the most significant differences between benign margins and margins with tumor involvement, reflecting a decrease in adipose content and an increase in fibroglandular content within malignant tissues. 10 From a related but separate study, the optical signatures from 633 individual sites on the tumor margins resulting from 101 margins (100 patients) were evaluated by pathology and diagnosed as either benign (595) or malignant (38). 4 The 595 benign sites were divided into adipose (A) (n ¼ 324), mixed tissue samples (Mx) (n ¼ 112), vessel samples (V) (n ¼ 64), fibroadipose (FA) (n ¼ 60), fibroglandular (FG) (n ¼ 24), fibrocystic change (FCC) (n ¼ 4), fibrous (F) (n ¼ 6), and fat necrosis (FN) (n ¼ 1). Of these benign samples, 142 were from premenopausal patients and 411 were from postmenopausal patients. 4 The 38 malignant samples were comprised of invasive ductal carcinoma (IDC) (n ¼ 22), ductal carcinoma in situ (DCIS) (n ¼ 12), lobular carcinoma in situ (LCIS) (n ¼ 3), and invasive lobular carcinoma (ILC) (n ¼ 1). This study examined three levels of optical contrast: (1) malignant versus benign, (2) A versus FA versus FG versus IDC versus DCIS, and (3) benign premenopausal versus postmenopausal. 4 Results indicated that the site-level optical properties were highly dependent on the composition of the benign breast. 4 Specifically, scattering increased with fibrous content and decreased with adipose content while [β-carotene] increased with adipose content. 4 Postmenopausal patients exhibited lower hμ 0 s i, but higher [β-carotene] than premenopausal patients due to decreased fibrous content and increased adipose content. The hμ 0 s i was statistically higher in adipose tissues and lower in fibroglandular tissues compared to that in DCIS and IDC.
It has previously been established that all cellular and extracellular components of breast tissue contribute to scattering but the relative magnitude of each contributing component has not been measured independently. 11 Furthermore, given that both fibroglandular and malignant tissue contain glands and collagen, it is important to deconstruct how scattering is influenced by the composition of the benign and malignant areas. In this study, the amount of epithelium (glands), collagen, and adipose tissue was quantified from histological sections of the optically measured sites. Correlations between the scattering parameter hμ 0 s i and the histological composition of the tissue stratified by various demographic parameters, including age, body mass index (BMI), breast density, and menopausal status were explored.
The principal goal of our study was to deconstruct sources of scattering as related to breast tissue composition in order to better understand the sources of spectral contrast observed in positive breast tumor margins.
Materials and Methods

Patient Population and Measurement Procedure
An ex vivo study to evaluate partial mastectomy specimens with diffuse optical spectroscopy in patients undergoing surgery for breast malignancies was approved by the Institutional Review Board at Duke University as detailed in previous publications. [3] [4] [5] The following patient characteristics were collected (if available): mammographic breast density (MBD), menopausal status, neo-adjuvant treatment status (chemotherapy or endocrine therapy), age, BMI, and surgical re-excision status. Based on preoperative mammograms, each patient was assigned an MBD based on a four-point scale indicative of increasing amounts of fibroglanduar tissue: 1 (fatty), 2 (scattered fibroglandular), 3 (heterogeneously dense), and 4 (extremely dense). Women were designated as postmenopausal if they had one of the following: either a bilateral salpingo-oopherectomy or lack of a menstrual cycle for more than 1 year.
The surgical procedures, optical measurements, and the histological processing of the tissue are described elsewhere. 4 A total of 38 malignant sites and 595 benign sites from the previous study 4 were examined for this analysis. The corresponding hematoxylin & eosin (H&E) slides for each of these sites were requested from the Duke surgical pathology archives. Each H&E slide was imaged, quantified and classified to determine the proportion of glands, collagen, and adipose tissues as well as the size and density of adipocytes in predominantly fatty tissues. This process is shown in Fig. 1 . Fig. 1 Flowchart demonstrating the study design. Diffuse reflectance spectra were measured and processed using the Monte Carlo model of reflectance to extract tissue optical properties. The corresponding site was inked and then submitted for pathology. The corresponding 5 μm H&E sections from the optically interrogated sites were imaged and detailed morphological composition was quantified (A, adipose; C, collagen; G, glands). The 595 benign sites were categorized by the study pathologist (JG) as follows: A, Mx, V, FA, FG, F, FCC, and FN. The 38 malignant sites were similarly categorized as follows: IDC, DCIS, ILC, and LCIS. In order to focus on the underlying sources of scattering from adipocytes, collagen, and glands, we excluded sites that had significant additional components [i.e., V (n ¼ 64)] as well as sites that lacked a large enough sample size to draw conclusions regarding trends [i.e., FCC (n ¼ 4), FN (n ¼ 1), ILC (n ¼ 1), and LCIS (n ¼ 3)]. When specifically examining the adipose sites, the only features quantified from these sites were adipocyte size and density as shown on the left-hand side of Fig. 1 . The black circles within the adipose H&E image are illustrative of the adipocyte features. The remaining benign sites were comprised of two to three of the following components: adipose, collagen, and glands and the fraction of each of these components were quantified as shown on the right side of Fig. 1 . Although some of the sites contained vessels or fluid filled cysts; these were accounted for but not included in this analysis. In regions with inflammatory cells, the box was classified according to the predominant component. Inflammatory cells have a range of diameters: 10 to 12 μm in neutrophils, eosinophils, and basophils; 6 to 15 μm in lymphocytes; and ∼18 μm in monocytes. 12 These inflammatory components mimic densely packed epithelial cells; thus, when inflammatory cells comprised the majority of the 200 μm × 200 μm area, the tissue section was designated as glandular or nucleated, but this was a rare event. When most of the section contained collagen with a few inflammatory cells, the tissue section was designated as collagen. A total of 526 benign sites (A, Mx, FA, FG, and F) and 34 malignant sites (IDC and DCIS) were included in the imaging protocol. Figure 2 shows the included and excluded sites for this study; the exclusion and inclusion criteria for the imaging analysis are further detailed in Sec. 2.2.1 for adipose sites and Sec. 2.2.2 for nonadipose sites.
Imaging and Quantification of Detailed Morphological Composition of Breast Tissue Histological Sections
The criteria for inclusion of the sites in this analysis were as follows: (1) the measurement ink could be clearly identified, (2) the imaged area corresponded with the pathologist's diagnosis, and (3) the tissue was intact throughout the area of interest.
Adipocyte imaging and quantification
The inclusion criteria were met for 213 adipose sites. The image of each adipose histological section was acquired with a Zeiss Axio Imager upright microscope, 10× ocular with a color camera, and a 10× objective. The images were acquired using a halogen light source, a QImaging MicroPublisher 5.0 MP color camera, and MetaMorph 7.6.5, which was used to adjust the acquisition time and RGB gain. The field of view (FOV) was 1 mm × 1.3 mm with a resolution of 1.04 μm.
An algorithm developed by our group was used to determine adipocyte area (size) and density on the 213 adipose H&E images. Specifically, the green channel of the RGB images was used in the algorithm as it provided a convenient method of separating the primarily pink and blue stained tissue from white fat. All images were preprocessed with a two-dimensional implementation of an edge-preserving bilateral filter. Subsequently, the MATLAB ® implementation of the Canny edge detector was used to extract the outlines of the adipocytes. The interior of each outlined shape was measured to obtain cell area and the number of shapes was counted to provide an estimate of cell density. Empirically determined cell-area thresholds of 129.3 and 22;569 μm 2 (diameters approximately between 12 and 170 μm) were used to limit the counted results to those with a high probability of being an adipocyte. These thresholds correspond in the range of prior literature estimates of median cell diameter. The nonadipocyte images were acquired with a 10× ocular, 10% neutral density filter, and a 2.5× objective. The resulting FOV for the 2.5× objective was ∼5.4 mm × 4 mm with a resolution of 2.0812 μm. Due to the large FOV, a shading correction image was obtained and subtracted from the images to account for illumination variations. The orange measurement ink on each histological section, made at the time of the optical spectroscopic measurements, was identified and oriented parallel to either the long or short axis of the microscope's imaging field. As described previously, each diffuse reflectance channel was 3 mm in diameter with a sensing depth of ∼0.5 to 2.2 mm. When images were acquired, two scale bars were drawn on the image to represent the 2-mm depth and the 3-mm surface footprint along the area with ink denoting the measured site. Grids of 200 μm encompassing the 3 mm × 2 mm area were overlaid on each image (∼150 boxes per image/site). These 157 benign and 24 malignant images were then shown to raters for additional classification.
The nonadipocyte images were classified and diagnosed in two ways. First, the initial diagnosis determined by the pathologist describing the predominant tissue type (as described in the previous study 4 ) was retained for each image of the corresponding H&E slide. This diagnosis was also used to verify correct spatial imaging and separation into benign and malignant sites. Second, five raters were polled to further separate the pathologist's categorization to determine the predominant tissue types in each of the 181 images. Three of the five raters were graduate students with experience and training on viewing and evaluating basic histological and pathological images; the remaining two raters were trained to recognize adipocytes, collagen, and nuclei. A kappa statistic was used to ensure agreement across raters. The purpose of the raters' classification was to use an unbiased population to identify which of the following components were present in an image: collagen (C), adipose (A), and glands (G). Some images contained a combination of only two of these three components, while other images contained all three components. The 181 images included malignant sites but only the pathologist's classification was used to define malignant and benign. The images were classified as (1) collagen and adipose, (2) collagen and glands, or (3) mixed. The mode of the five raters' classification for the benign sites resulted in the following tissue classifications: FA-adipose and collagen; FG-collagen and glands; Mix-adipose, collagen, and glands; Mal-malignant sites. Using ImageJ and Excel, either a 10 × 15 or 15 × 10 grid of 200 μm × 200 μm boxes, corresponding to the 3 mm × 2 mm area, was overlaid on each image. Each of the 150 boxes was diagnosed as A (adipose), C (collagen), G (glands), V (vessels), F (fluid), or W (white space). V and F were not evaluated. Quantified histological parameters were calculated as shown below. This expression allowed an investigation into hμ 0 s i as it related to the % adipose, % collagen, and % glands within an H&E image that accounts for white space: %Tissue X ¼ ð#of boxes of Tissue XÞ∕ ðTotal # of boxes − # boxes of TissueWÞ. The relationships between histological variables and hμ 0 s i were analyzed using
Pearson's correlation coefficient, while Wilcoxon rank-sum tests were used to evaluate the relationships between menopausal status and hμ 0 s i by comparing the median scattering values across four independent populations (premenopausal with low collagen, postmenopausal with low collagen, premenopausal with high collagen, and postmenopausal with high collagen). Menopausal status was identified by the patient clinical records, while low and high collagen was defined by having a % collagen about the median value observed in the data (see Sec. 3.2) . The data were plotted using box plots to provide a visualization of the summary statistics. The tops and bottoms of each "box" corresponded to the 25th and 75th percentiles of the samples, respectively, with the interquartile range covering the distance. The sample median and skewness of the data were represented with a horizontal line across each box. The observations within 1.5 times the interquartile range away from the top or bottom were depicted with whiskers. Observations beyond the whisker length were marked as outliers. Notches displayed the variability of the median between samples, where box plots whose notches did not overlap had different medians at the 5% significance level.
Results
Patient Characteristics
The patient characteristics in terms of age, BMI, BD, menopausal status, and chemotherapy status are shown in Table 1 . The average age and BMI of the population were 58.5 years and 30.2, respectively. The investigated population represented all four breast density categories with a higher prevalence of MBD-2 and MBD-3. The population studied was skewed toward postmenopausal and chemo-naïve patients.
Representative Data and Summary Variables
Representative wavelength-dependent μ a and μ 0 s spectra and histological images are shown in Fig. 3 . This figure demonstrates that adipose tissue contributed to increased absorption [ Fig. 3(a) ] and fibroglandular tissue contributed to increased scattering [ Fig. 3(b) ]. Additionally, both collagen and glands played a role in determining tissue scattering, while adipose sites exhibited a baseline scattering signature. The corresponding H&E stained histology images for the fibroglandular (FG), fibroadipose (FA), and adipose (A) sites are shown in Figs. 3(c)-3(e) . The inter-rater agreement was κ ¼ 0.69 indicating a high degree of agreement across raters. The 394 sites imaged were taken from 93 patients. Of the 394 total sites, 370 were benign and 24 were malignant. The latter included 15 foci of IDC and 9 foci of DCIS. The benign sites did not include specific lesions such as FCC, fibroadenomas or papillomas. The highest scattering was seen in the FG sites followed by Mal, Mix, FA, and A sites. [β-carotene] was highest in Mal sites followed by A, FA, Mix, and FG sites. Although [β-carotene] was the highest in Mal, the values were not statistically significantly different than those observed in the adipose sites (p ¼ 0.26). The percent adipose tissue decreased in the following order: A, FA, Mix, Mal, and FG, respectively. The percent collagen decreased as follows: FG, Mal (lower than FG due to inclusion of DCIS and IDC), Mix, FA, and A. The percent glandular tissue was highest in Mal followed by FG and Mix; FA sites had minimal glandular tissue if any.
Patient Characteristics in Sites with Low and
High Percentages of Collagen Table 3 shows the breakdown according to sites with either a low or high percentage of collagen using the median value (44%) of all sites as the cutoff. There was an even distribution of number of sites and patients with high and low percentage collagen. Sites were evenly distributed between MBD-2 and MBD-3. Sites from MBD-4 exhibited a higher fraction of collagen while sites from MBD-1 exhibited lower fractions of collagen, as expected. The sites with low percentage of collagen were from older patients (p < 0.00005). Sites with a low percentage of collagen were also weighted toward postmenopausal patients consistent with increased age. Sites with a higher fraction of collagen were evenly split between pre-and postmenopausal patients; FG sites only fell into the higher percent collagen category but FA, Mix, and Mal all exhibited high and low collagen morphologies. The cancer stage and invasive grade populated both high and low collagen categories and was not included (data not shown).
Scattering versus Collagen in Benign Sites
The relationship between hμ 0 s i and percent collagen was examined; a positive correlation in benign sites is shown in Fig. 4 . hμ 0 s i exhibited greater variability in sites with a higher percentage of collagen as shown in Fig. 4(a) . Using the adipose sites, scattering was shown to have no significant correlation to adipose tissue morphology as shown in Figs. 4(b) and 4(c).
Effect of Patient Characteristics and Percentage Collagen on Scattering
In order to investigate the relationship between the patient characteristics and morphology with respect to hμ 0 s i, the importance of each variable was analyzed after adjusting for percent collagen. The 213 adipose images were not included in this analysis. The correlations were examined by high and low percent collagen to determine whether the relationships changed with collagen level for benign sites (FA, FG, and Mix) and all sites (FA, FG, Mix, and Mal). The results of the correlations, linear fits, and interactions are shown in Table 4 in a stronger negative correlation to hμ 0 s i in sites with a high percentage of collagen. Age was positively correlated to BMI (r ¼ 0.36) but BMI remained significant in describing hμ 0 s i after correcting for age. BMI did not have a dependence upon percentage collagen yet remained significant after adjusting for age by percent collagen.
Effects of Patient Characteristics and Adipocyte Morphology on Scattering
To confirm that adipocytes did not contribute to the positive correlation between collagen and hμ 0 s i, the relationship between hμ 0 s i with adipocyte size and log (adipocyte density) as well as age and BMI, stratified by MBD was examined and is shown in Table 5 for the 213 adipose samples. This variability was not dependent upon the size and density of the adipocytes, nor age and BMI (p > 0.05). Adipose tissues, however, did contribute to a baseline scattering value. After adjusting the morphology components by breast density, a stronger relationship between average cell area (ACA) and hμ 0 s i was seen in sites from high breast density patients (r ¼ −0.29, p ¼ 0.026), but the relationship to cell density remained nonsignificant. Analyzing the relationships between scattering and characteristics associated with MBD shows that hμ 0 s i is not correlated to patient characteristics or adipocyte morphology in adipose sites (n ¼ 213, p > 0.05).
Scattering, Collagen Density and Menopausal Status
To determine how these scattering differences might affect optical contrast in patients of different breast compositions, scattering was compared across sites with low and high percentages of collagen as well as pre-and postmenopausal status as a binary surrogate for age. Menopausal status was used because it was highly positively correlated with age (r ¼ 0.75). Scattering was found to be significantly lower in benign sites with low percentage of collagen in postmenopausal women compared to benign sites with a high percentage of collagen in premenopausal women (Fig. 5 , unadj. p ¼ 5.3 × 10 −6 ) as would be expected. However, unexpectedly, benign sites with a high percentage of collagen in postmenopausal women were not statistically different from those with low percentage collagen in either pre-or postmenopausal women. These sites from Table 4 Correlations of Age, BMI, and MBD to high and low % collagen. Each characteristic was fit as an independent variable with hμ 0 s i as the dependent variable using Pearson's correlations and linear fits to establish relationships. Age and BMI were found to be independently associated with hμ 0 s i. hμ 0 s i decreased with both age and BMI but exhibited a stronger negative relationship to age in sites with a high percentage of collagen. MBD was positively correlated with hμ 0 s i but not independent of age and BMI.
Benign
All sites Table 5 Analyzing the relationships between scattering and characteristics associated with MBD shows hμ 0 s i is not correlated to patient characteristics or adipocyte morphology in adipose sites; n ¼ 213, all p > 0.05. ACA is significantly larger in sites from high breast density patients (r ¼ −0.29) versus low breast density patients (r ¼ 0.02). Ø indicates no correlation; NS, not significant. 
Relative Contributions of Collagen versus Glands to Scattering
Lastly, the relationship between percent collagen and percent glands in benign, malignant, and all sites was analyzed to determine the relative contributions of stroma versus epithelium to hμ 0 s i. The relationships among hμ 0 s i, the percent collagen, and percent glands are shown in Fig. 6 in order to determine the contribution of collagen and glands to hμ 0 s i, respectively. The linear models (Table 6 ) identified that both percent collagen and percent glands were independently associated with hμ 0 s i in all sites and sites with glands (FG, Mix, and Mal). The analysis of collagen versus glands was narrowed to investigate sites with glands between 0% and 35% (the dynamic range of the data). The linear model reflected an equivalent relationship to scattering from glands and the collagen in benign sites (r ¼ 0.18 versus r ¼ 0.17). However, as shown in Table 6 
Discussion
In this article, we demonstrate that scattering is positively correlated to % collagen, which is consistent with previous findings. 17 In sites with a high percentage of collagen (% collagen ≥44%), scattering exhibited higher variability compared to sites with <44% collagen. We demonstrated that hμ 0 s i variability was not dependent upon adipocyte morphology (cell area and density), BMI, or age. Although cell area was negatively correlated to scattering in high breast density women, this was not replicated in low breast density women. In addition, the cell density parameter also lacked a relationship to scattering and breast density. Thus, the adipose component was assumed to have minimal contribution to the variability or linear trends observed between hμ 0 s i and tissue morphology from adipose tissues, leading to the conclusion that the trends stemmed primarily from the collagen and glandular contributions. These findings allowed us to test the same relationships in FA, FG, Mix, and Mal tissues with hμ 0 s i decreasing with age, BMI, and MBD. However, MBD did not provide additional information not already described by either age or BMI.
Interestingly, in women with high collagen content, there was a relatively higher negative correlation between hμ 0 s i and age. The lowest scattering was seen in postmenopausal sites. Studies have shown that breast cancer risk increases with both age and breast density. [18] [19] [20] [21] [22] [23] Because age is strongly related to menopausal status, we hypothesize that hormonal changes and structural changes to collagen are tied to the decreasing trend in scattering in older, postmenopausal women. These hypotheses will require further studies and validation. Scattering is influenced by the scatterer size, the density of scatterers, and the refractive index mismatch between the scatterer and surrounding medium. 24 Changes in the rate of collagen turnover or changes in diameters could affect the number and size of scatterers, respectively. Decreased permeability and swelling observed with age 25 would be indicative of dehydration or possible changes in the refractive index mismatch. Median scattering levels are similar across low and high fibroglandular contents in postmenopausal women. These results indicate scattering could provide improved contrast in postmenopausal patients compared to premenopausal patients as scattering signal from malignant tissue would be highlighted due to the decreased background scattering from normal tissue.
In this study, we also investigated the stromal (collagen) and epithelial (glands) contributions to scattering. Previously, we had found that both the fibro-connective (collagen) and glandular portions were positively correlated with hμ 0 s i but the analysis was not performed separately on benign and malignant sites independently, nor were we able to identify the stronger contributor. 17 Separating the comparison by diagnosis was an Fig. 6 Statistical modeling results show that both % collagen and % glands independently relate to scattering in a positive direction with no relationship to one another. The relationship between scattering and % collagen (a) or % glands (b) in malignant sites demonstrates a slightly stronger dependence upon glands. Table 6 Examining the dynamic range of the data includes restricting sites to % glands <40%. Here, the % glands and % collagen were found to independently contribute to hμ 0 s i in both benign and malignant sites. hμ 0 s i increased with both collagen and glands; hμ 0 s i exhibited a stronger positive relationship to glands in malignant sites. important step that allowed a better understanding of the contribution of glands to hμ 0 s i and how this relationship changed in malignant sites. Our data demonstrates that collagen and glands have equal and independent contributions to scattering in benign sites; in malignant sites, however, the contribution from glands was stronger compared to the collagen contribution to scattering. Glands seem to be a stronger contributor to scattering in malignant tissues. In malignant tissues, the glandular component often occupies a larger area of the tissue; the cells/nuclei generally are larger and more variable in malignant tissues, which are among the features used by pathologists to arrive at a cancer diagnosis. 26 This is an important potential source of contrast in malignant and fibroglandular tissues where collagen densities may be similar, but where glandular contributions are expected to be significantly different due to the presence of proliferating cancer cells in malignant tissues. In the event a site is positive and contains a large glandular component, this DRS technology will highlight the morphological difference compared to benign sites. However, in the case of malignant sites that may contain small amounts of DCIS, or large contributions of fat, the optical scattering signature will not be as distinct from benign tissues.
It is important to revisit our current scattering model based on Mie theory given the contributions of the various constituents to scattering in this study. New scattering models, which capitalize upon size distributions of particles or techniques using polarization, could be used to more effectively separate collagen from glandular components. Bartek et al. 27 used electron microscopy to estimate subcellular particle sizes for the purpose of predicting scattering in breast tissue; they identified particle sizes ranging from 10 to 500 nm with two distributions centered around 20 to 25 nm and 110 to 230 nm, respectively, but found that Mie theory with a spherical treatment exceeded expected scattering values based on clinical data. Thus, different scattering models may be employed to describe differences in size distributions, which can further help separate collagen from glandular contributions to scattering.
It is important to note a potential source of error in the histological quantification that cannot currently be corrected. Due to the large specimen volume, the quantification was performed on a 5-μm paraffin section from a 3-mm block of formalin fixed tissue, while the DRS technology probes the entire 3 mm thickness. If other slices from the 3-mm block were quantified, the breakdown of tissue components might vary. In addition, the inked site was often larger than 3 mm making perfect coregistration difficult and requiring some approximations. However, the rough estimates of tissue composition show correlations to spectral signatures that could not occur by chance. In fact, if an automated higher resolution method of quantification were implemented, these correlations might increase in strength. In addition, the malignant sites were comprised of both invasive and in situ carcinomas of different grades and stages; to address the effect of tumor characteristics, larger sample sizes would need to be investigated to make this comparison.
A finding that was previously observed in a prior study 4 and further confirmed here was that malignant cells had higher average [β-carotene] than pure adipose sites; however, there was a wide range in both groups such that the values were not statistically significantly different across malignant versus adipose sites. In addition, the malignant sample size is small versus the adipose sample size. Of note, the malignant sites investigated in this study demonstrated a wide range of % adipose composition (35 AE 30.5%). Previous research done by Brown et al. found that [β-carotene] was complex even within adipose tissues, and that varying breast density and adipocyte cell size contributed to variations in [β-carotene]. 10 There also is published evidence that adipocytes associated with neoplastic cells are biochemically and functionally distinct.
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Conclusions
Through this stepwise analysis, we confirmed that hμ 0 s i is positively correlated to collagen and negatively correlated to age and BMI. hμ 0 s i exhibited increased variability with collagen level, which was not dependent on the adipose morphology. A stronger negative correlation between age and hμ 0 s i was seen in sites with a high percentage of collagen as compared to sites with a significantly lower percentage of collagen. Scattering was found to be lowest in postmenopausal women regardless of the percentage of collagen indicating that menopausal status or age could be an important demographic factor for algorithms based on scattering contrast for breast cancer diagnosis. Collagen and glands have equivalent yet independent contributions to hμ 0 s i in benign sites. In malignant sites, glands demonstrated a stronger positive correlation than collagen to hμ 0 s i. This information can be leveraged to improve the interpretation of scattering contrast and to better distinguish between fibroglandular and malignant sites, which can ultimately improve intraoperative margin assessment.
